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PLEKHG2/FLJ00018 is a G␤␥-dependent guanine nucleotide exchange factor for the small GTPases Rac and Cdc42 and has been shown to mediate the signaling pathways leading to actin cytoskeleton reorganization. Here we showed that the zinc finger domain-containing protein four-and-a-half LIM domains 1 (FHL1) acts as a novel interaction partner of PLEKHG2 by the yeast two-hybrid system. Among the isoforms of FHL1 (i.e. FHL1A, FHL1B, and FHL1C), FHL1A and FHL1B interacted with PLEKHG2. We found that there was an FHL1-binding region at amino acids 58 -150 of PLEKHG2. The overexpression of FHL1A but not FHL1B enhanced the PLEKHG2-induced serum response element-dependent gene transcription. The coexpression of FHL1A and G␤␥ synergistically enhanced the PLEKHG2-induced serum response element-dependent gene transcription. Increased transcription activity was decreased by FHL1A knock-out with the CRISPR/Cas9 system. Compared with PLEKHG2-expressing cells, the number and length of finger-like protrusions were increased in PLEKHG2-, G␤␥-, and FHL1A-expressing cells. Our results provide evidence that FHL1A interacts with PLEKHG2 and regulates cell morphological change through the activity of PLEKHG2.
Cytoskeletal regulation is governed largely by the precise temporal and spatial modulation of the small G-proteins of the Rho family (Rho GTPases), RhoA, Rac, and Cdc42 (1) . The Rho GTPases function as molecular switches. They are converted from the GDP-bound inactive form to a GTP-bound active state by a reaction catalyzed by Rho GTPase-specific guanine nucleotide exchange factors (RhoGEFs). 4 RhoGEFs are large multidomain proteins that are tightly regulated to control their function. RhoGEFs can be subdivided into two main subfamilies. First, there are those that possess a Dbl homology (DH) domain that is found in tandem with a pleckstrin homology (PH) domain. This subfamily is currently represented by 70 members in mammalian genomes (2, 3) . Second, there are Dock180-related proteins containing the Dock homology region-2 domain (also known as the Docker-ZH2 domain), which form a subfamily of 11 mammalian members (4) . The DH domain is responsible for catalytic activity, and the PH domain directs subcellular localization and can modulate the DH domain function.
A number of the DH domain-containing RhoGEFs, including PSD-95/Dlg/ZO-1 (PDZ)-RhoGEF, leukemia-associated RhoGEF, and p115-RhoGEF, have a regulator of G-protein signaling (RGS) domain in addition to a DH domain and PH domain. PDZ-RhoGEF and LARG also have a PDZ domain. These RhoGEFs are regulated by activated G␣ 12/13 subunits through their interaction with the RGS domain to activate GDP/GTP exchange activity for RhoA (5) (6) (7) . In contrast, P-Rex1 and P-Rex2 are regulated by G␤␥ subunits and polyphosphoinositide through direct interaction to activate the GDP/GTP exchange activity for Rac (8) . We reported that one novel RhoGEF, PLEKHG2/FLJ00018, was activated by direct interaction with G␤␥ subunits and regulated cell spreading through the activation of Rac1 and Cdc42 (9) . In 2014, we reported that the phosphorylation of PLEKHG2 by Ras/MAPK pathways regulated the morphological change of cells (10) . We also reported that the tyrosine phosphorylation of PLEKHG2 by the EphB2/cSrc pathway induced an interaction between PLEKHG2 and PIK3R3 (11) . Finally, we demonstrated that PLEKHG2 interacted with ␤-actin and ␥-actin and that both ␤and ␥-actin acted as negative regulators of PLEKHG2 (12) . However, the details underlying the molecular mechanisms of PLEKHG2 activation have yet to be elucidated.
In light of the above findings, PLEKHG2 is thought to regulate actin reorganization by Rho through various intercellular signal pathways, including the G protein-coupled receptor pathway. In the present study, using two-hybrid screening, we demonstrated that a zinc finger domain-containing protein, four-and-a-half LIM domains 1 (FHL1), acts as a binding partner of PLEKHG2. Our findings suggested that the binding with FHL1 positively regulated the activity of PLEKHG2 and the morphological changes of cells.
Results
Isolation and Identification of FHL1 as a Binding Partner of PLEKHG2-We previously investigated the binding partners of the N-terminal region of PLEKHG2 (amino acids (aa) 1-465) using yeast two-hybrid screening. Among 128 positive clones, 24 clones showed high homology (Ͼ80%) to genes in the database (12) . The amino acid sequence of one of the positive clones was identical to aa 111-323 of FHL1B. In vertebrates, there are three FHL1 isoforms: FHL1A, FHL1B, and FHL1C. FHL1A is characterized by an N-terminal half-LIM domain followed by four complete LIM domains. FHL1B has an initial three and one-half N-terminal LIM domains that are identical to those of FHL1A as well as a novel C-terminal sequence including three functional nuclear localization sequences (NLSs) and a nuclear export sequence. FHL1C has an initial two and a half N-terminal LIM domains that are identical to those of FHL1A.
In general, it is thought that LIM domains mediate proteinprotein interactions that are critical to cellular processes (13) . The prey amino acid sequence contains the sequences of the C-terminal part of the second LIM domain and the third LIM domain of FHL1A and FHL1B ( Fig. 1A) . To demonstrate the interaction of PLEKHG2 with FHL1A or FHL1B in mammalian cells, we co-transfected expression vectors of PLEKHG2 and FHL1A or FHL1B into HEK293 cells. After transfected cells were immunoprecipitated with PLEKHG2, FHL1A and FHL1B were co-immunoprecipitated with PLEKHG2. However, PLEKHG2 bound more strongly with FHL1A than FHL1B in HEK293 cells ( Fig. 1B ). FHL1B has an NLS, and it is thought that FHL1B is located in the nucleus (14) . In contrast, PLEKHG2 is thought to act mainly at the cytosol. It seems that the PLEKHG2 cannot gain access to the FHL1B. This might result in a weak binding of these two proteins. Indeed, most of the FHL1B was eliminated as a lysis buffer-insoluble fraction that included insoluble proteins and nuclear proteins ( Fig. 1B) .
Next, to examine whether FHL1A and FHL1B interacted with regions other than aa 1-465 of PLEKHG2, cells were co-transfected with PLEKHG2 ⌬NT and FHL1A or FHL1B. PLEKHG2 ⌬NT was immunoprecipitated by anti-Myc antibody, and both the FHL1A and FHL1B isoforms were detected in the anti-Myc immunoprecipitate (Fig. 1, C and D) . The level of FHL1A or FHL1B co-immunoprecipitated with PLEKHG2 ⌬NT was the same as that co-immunoprecipitated with the PLEKHG2 WT. We suspect that the binding regions may also be present in the ⌬NT region of PLEKHG2. The interaction of PLEKHG2 P2 and FHL1 was much stronger than the interaction of the PLEKHG2 WT and FHL1. We and other researchers showed that the C terminus of PLEKHG2 interacted with the N terminus of PLEKHG2 (9, 15) . We consider that when PLEKHG2 was activated, the C terminus region of PLEKHG2 opened, and the DH domain at the N terminus region exerted some activity. Perhaps, when PLEKHG2 was activated, PLEKHG2 remained as a stable form in the cells. The fact that PLEKHG2 P2 and PLEKHG2 ⌬NT interacted with FHL1 suggests that this interaction might have physiological meaning in mammalian cells.
The FHL1-binding Region of PLEKHG2-To detect the FHL1-binding region of PLEKHG2, we performed co-immunoprecipitation with various deletion mutants of PLEKHG2 ( Fig.  2A ). HEK293 cells were transiently transfected with the deletion mutants of PLEKHG2 and FLAG-tagged FHL1A. As shown in Fig. 2B , FHL1A was co-immunoprecipitated with P2 (aa 1-464) and P2⌬N1 (aa 58 -464). However, P2⌬N2 (aa 150 -464) and P2⌬N3 (aa 283-464) showed little co-immunoprecipitation with FHL1A.
We also examined the C terminus region-deleted mutants of the P2 mutant ( Fig. 2C ). FHL1A was co-immunoprecipitated with P2⌬C1 (aa 1-441), P2⌬C2 (aa 1-355), and P2⌬C3 (aa 1-310). However, PH (aa 283-441) showed little co-immunoprecipitation with FHL1A. These results suggested that the amino acid region 58 -150 of PLEKHG2 is an FHL1-binding region in PLEKHG2.
Effect of FHL1 on the PLEKHG2-induced Serum Response Element (SRE)-dependent Gene Transcription in HEK293 Cells-
To examine whether the expression of FHL1 influences PLEKHG2 functions in cells, we measured the transcription of an SRE-controlled reporter gene that is known to be induced by Rho family activation (16) . Co-expression of the PLEKHG2 WT and FHL1A enhanced PLEKHG2-induced SRE-dependent gene transcription. In contrast, the co-expression of PLEKHG2 with FHL1B was almost not affected ( Fig. 3, A and B) . Co-expression of the PLEKHG2 P2 mutant and FHL1A or FHL1B yielded similar results ( Fig. 3, A and B) .
As mentioned above, we previously reported that PLEKHG2 is activated by G␤␥ to increase SRE-dependent gene transcription through the activation of Rac and Cdc42 (9) . To examine whether the expression of FHL1 influences PLEKHG2 functions in the presence of G␤␥, the PLEKHG2 WT or P2 and FHL1A or FHL1B with or without G␤␥ were co-transfected into cells. Co-expression of PLEKHG2 and G␤␥ with FHL1A synergistically enhanced PLEKHG2-induced SRE-dependent gene transcription ( Fig. 4 , A-C). In contrast, the co-expression of FHL1B was almost unaffected ( Fig. 4 , A-C). Co-expression of the PLEKHG2 P2 mutant and FHL1A or FHL1B with or without G␤␥ yielded similar results ( Fig. 4 , D-F). These results suggested that FHL1A acts as a positive regulator of PLEKHG2 in mammalian cells.
The Interaction of PLEKHG2 with FHL1 and G␤␥-To examine why PLEKHG2-induced SRE-dependent gene transcription is synergistically enhanced in PLEKHG2-, FHL1A-, and G␤␥expressing cells, we investigated the interaction of PLEKHG2 with FHL1 and G␤␥ in the cells by co-immunoprecipitation experiments. PLEKHG2 was immunoprecipitated by anti-Myc antibody, and FHL1A (Fig. 5A , lane 2) and G␤ (Fig. 5B, lane 2) were detected in the anti-Myc immunoprecipitate. When we transfected G␤␥ in addition to PLEKHG2 and FHL1A, G␤␥ interacted with PLEKHG2 (Fig. 5A, lane 3) . However, compar-ing the results in lanes 2 and 3 of Fig. 5A , it can be seen that the levels of the PLEKHG2 and FHL1A interaction were not altered by G␤␥ expression, and vice versa (Fig. 5B, lanes 2 and 3) . In addition, FLAG-tagged-FHL1A was immunoprecipitated by anti-FLAG antibody as a reverse immunoprecipitation, and PLEKHG2 was detected in the immunoprecipitant by anti-FLAG antibody (Fig. 5C, lanes 3 and 4) . Moreover, FLAGtagged-FHL1A was immunoprecipitated by anti-FLAG antibody, and G␤␥ was detected in the anti-FLAG immunoprecipitant ( Fig. 5C, lanes 1 and 2) . These results suggest that PLEKHG2, FHL1A, and G␤␥ form a complex in the co-express-ing cells. This complex formation appeared to be related to the synergistic enhancement of SRE-dependent gene transcription. We recently reported that the interaction of PLEKHG2 with non-muscle actin attenuated PLEKHG2-induced SRE-dependent gene transcription (12) . To examine the effect of nonmuscle actin on the enhancement of PLEKHG2-induced SREdependent gene transcription by the co-expression of FHL1A, PLEKHG2, FHL1A, and ␤-actin were co-expressed in the cells. The co-expression of ␤-actin with PLEKHG2 and FHL1A attenuated the PLEKHG2-induced SRE-dependent gene transcription ( Fig. 6, A and B) . These results suggest that ␤-actin FIGURE 1. PLEKHG2 bound with both FHL1A and FHL1B. A, schematic diagram of PLEKHG2 mutants and FHL1. Prey, yeast two-hybrid prey construct. PLEK2 ⌬NT and P2 constructs code amino acid residues 449 -1386 and 1-464 of PLEKHG2, respectively. Underlining and amino acid numbers indicate the sequences detected by yeast two-hybrid screening. B-D, HEK293 cells were co-transfected with PLEKHG2 or PLEKHG2 mutants and FHL1A or FHL1B, as indicated. Cells were lysed 24 h after transfection, and PLEKHG2 was immunoprecipitated with anti-Myc antibody. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for PLEKHG2) and anti-FLAG antibody (for FHL1). PLEK2, PLEKHG2; TCL, total cell lysate; IP, immunoprecipitation; IB, immunoblotting. NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48
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interacted with a region different from the FHL1-binding region of PLEKHG2 and that this interaction inhibited the function of PLEKHG2.
Effect of FHL1 on the G␤␥-and PLEKHG2-induced SRE-dependent Gene Transcription in HEK293 Cells-To confirm that FHL1 and PLEKHG2 interacted and functioned in the cells, we used genome-editing tools and generated FHL1-knock-out cells. Anti-FHL1 antibody could detect both the exogenous FHL1A and endogenous FHL1A in HEK293 cells ( Fig. 7A ). Although anti-FHL1 antibody could detect transfected FHL1B, it failed to detect endogenous FHL1B in HEK293 cells. For this reason, it was thought that HEK293 cells express endogenous FHL1A but not FHL1B (Fig. 7A ). We also checked the cells of a mouse neuroblastoma cell line, Neuro-2a. However, we could not detect endogenous FHL1A and FHL1B in these cells. Using mouse tissue, we confirmed that this antibody is capable of detecting FHL1B and FHL1A (data not shown). Next, we tried to knock out endogenous FHL1 protein in HEK293 cells. We constructed two CRISPR/Cas9 plasmids at FHL1 exons 2 and 3 to delete this region ( Fig. 7B ). After introducing CRISPR/Cas9 plasmids, the cells were single cell-sorted. Cloned cells were checked by PCR analysis (Fig. 7C ). From the immunoblot analysis, we confirmed that the knock-out cells did not express the FHL1A protein ( Fig. 7D ).
To the best of our knowledge, no PLEKHG2 antibody with a capacity for immunoprecipitation has been identified. To examine whether endogenous FHL1A interacts with PLEKHG2, we transfected Myc-tagged PLEKHG2 into wild type cells and knock-out cells. In the wild type cells, endogenous FHL1 was co-precipitated with Myc-tagged PLEKHG2, and this interaction did not appear in knock-out cells (Fig. 8A ). This result suggested that PLEKHG2 might interact with FHL1 FIGURE 2. Amino acids 58 -150 of PLEKHG2 bound to FHL1A. A, schematic diagram of PLEKHG2 P2 mutants. The PLEK2 P2, P2⌬N1, P2⌬N2, P2⌬N3, P2⌬C1, P2⌬C2, P2⌬C3, and PH constructs code amino acid residues 1-464, 58 -464, 150 -464, 283-464, 1-441, 1-355, 1-310, and 283-441 of PLEKHG2, respectively. B and C, HEK293 cells were co-transfected with PLEKHG2 P2 or PLEKHG2 P2 mutants and FHL1A, as indicated. Cells were lysed 24 h after transfection, and PLEKHG2 was immunoprecipitated with anti-Myc antibody. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for PLEKHG2) and anti-FLAG antibody (for FHL1). PLEK2, PLEKHG2; TCL, total cell lysate; IP, immunoprecipitation; IB, immunoblotting. *, immunoglobulins precipitated by immunoprecipitation. (error bars). The data shown are representative of three independent experiments. B, HEK293 cells were co-transfected with PLEKHG2, PLEKHG2 P2, FHL1A, and FHL1B, as indicated. Cells were lysed 24 h after transfection, and the lysates were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for PLEKHG2) and anti-FLAG antibody (for FHL1). PLEK2, PLEKHG2. IB, immunoblotting.
in HEK293 cells. Next, we performed an SRE-dependent gene transcription assay to reveal the effect of FHL1 on the PLEKHG2 signaling. Consistent with the other results, G␤␥ enhanced PLEKHG2-induced SRE-dependent gene transcription. In contrast, the level of enhancement of SRE-dependent gene transcription was much lower in G␤␥-and PLEKHG2transfected FHL1-knock-out cells (Fig. 8B ). Enforced expression of FHL1 in FHL1-knock-out cells rescued the G␤␥and PLEKHG2-induced SRE-dependent gene transcription (Fig. 8 , C and D). Although it is still unclear whether FHL1 functions by interacting directly with PLEKHG2 and G␤␥, this result indicates that FHL1 plays an important role in G␤␥-and PLEKHG2-induced signaling.
Effect of FHL1A and FHL1B on the PLEKHG2-related Morphological Changes in Neuro-2a Cells-We subjected a fetal brain cDNA library to yeast two-hybrid screening to find the binding partner of PLEKHG2, and we used a mouse neuroblastoma cell line, Neuro-2a, to examine the cellular localization and cell morphological changes of PLEKHG2 and its binding partners to determine their functional meanings. First, we confirmed that FHL1A interacted with PLEKHG2 in Neuro-2a cells ( Fig. 9A ) and that FHL1A enhanced PLEKHG2-induced SRE-dependent gene transcription (Fig. 9, B and C) . FHL1B interacted with PLEKHG2 in Neuro-2a cells (Fig. 9D ). However, FHL1B failed to activate PLEKHG2-induced SRE-dependent gene transcription (Fig. 9, E and F) . These results are consistent with the results we obtained using HEK293 cells. From these observations, we speculate that FHL1A activates PLEKHG2 in Neuro-2a cells, using the same system as in HEK293 cells.
Next, to reveal the effect of PLEKHG2 and FHL1A on the cell morphology, we co-transfected mAG-tagged PLEKHG2, FLAG-tagged FHL1A, FLAG-tagged FHL1B, and G␤␥. FHL1B was localized at the center of the cell. It appeared not to co-localize with PLEKHG2 ( Fig. 10B) . When co-expressing FHL1B and PLEKHG2, the cells were slightly spread. When the cells co-expressed FHL1B, PLEKHG2, and G␤␥, the spreading effect was enhanced. However, based on our observation that the spread cells were also present among cells that expressed PLEKHG2 or PLEKHG2 and G␤␥ (Fig. 10A ), it appears that this effect was not caused by FHL1B. On the other hand, when we co-transfected with PLEKHG2, FHL1A, and G␤␥, FHL1A was The Interaction of PLEKHG2/FLJ00018 with FHL1 NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 JOURNAL OF BIOLOGICAL CHEMISTRY 25231 stained throughout the cell. In addition, neurite-like shapes were observed in the PLEKHG2-, FHL1A-, and G␤␥-transfected cells (Fig. 10C ). We performed further analysis to confirm that the neurite-like structure of the FHL1A-, PLEKHG2-, and G␤␥-transfected cells was truly different from the cell morphology of the PLEKHG2-and G␤␥-transfected cells. Using ImageJ software, we measured the length and number of cell protrusions (Fig. 10, D and E) . In the cells expressing PLEKHG2, G␤␥, and FHL1A, both the length and number of cell protrusions were increased from the PLEKHG2-and G␤␥expressing cells. Because we were unable to detect endogenous FHL1 expression in Neuro-2a cells, we could not examine the relationship between the signal enhancement and this morphological change. However, this result supports the notion that the expressions of FLH1A, PLEKHG2, and G␤␥ can promote the morphological change.
Discussion
The results of this study revealed that a zinc finger LIM domain-containing protein, FHL1, interacted with PLEKHG2. FHL1s are divided into mainly three isoforms: FHL1A, FHL1B, and FHL1C. The results of the yeast two-hybrid screening suggested that PLEKHG2 interacted with LIM2 and LIM3. Although both FHL1A and FHL1B have LIM2 and LIM3, PLEKHG2 was bound more strongly with FHL1A. FHL1B has an NLS. It seems that most of the FHL1B protein was localized in the nucleus. For this reason, we speculate that it is difficult for PLEKHG2 to gain access to the FHL1B. This is consistent with our finding that FHL1B was stained at the center of the cells, whereas PLEKHG2 was stained at the cytosol in Neuro-2a cells.
It was previously reported that FHL1B was localized at the cytosol during the G 2 phase of the cell cycle. FHL1B interacts with protein phosphatase 2A catalytic subunit ␤ during this phase to shuttle between the nucleus and cytoplasm (17) . It is possible that PLEKHG2 interacts with FHL1B only at a specific time point in the cell cycle and may play one or more specific roles. Further analysis is necessary.
The binding region of FHL1 and PLEKHG2 exists within aa 58 -150 of PLEKHG2. In this paper, we used various deletion mutants to analyze the binding region. One of the mutants, PLEKHG2 ⌬N2, is missing parts of the DH domain. We cannot exclude the possibility that this mutant generates a misfolded protein. However, in our previous paper (9), we used another DH domain deletion mutant and found that this mutant still functioned as a G␤␥-binding protein (PLEKHG2 p5, aa 1-108; PLEKHG2 p6, aa 1-149; PLEKHG2 p7, aa 1-134). From this observation, we considered that the PLEKHG2 ⌬N2 mutant still maintains its conformation, at least in terms of proteinprotein interaction. The FHL1A-binding region of PLEKHG2 was identical to the G␤␥-binding region of PLEKHG2 that we reported previously (9) . Indeed, our present findings suggested that PLEKHG2, G␤␥, and FHL1A may form a ternary complex. As can be seen in Fig. 5, A and B , the amount of FHL1A and G␤␥ interacting with PLEKHG2 did not decrease in the cells transfected with PLEKHG2, FHL1, and G␤␥. On the other hand, FHL1 interacted with G␤␥ (see Fig. 5C ). We could not analyze the binding region of FHL1 that interacted with G␤␥ in detail; thus, further analysis will be needed to unravel the binding mechanisms. In contrast, the ␤-actin-binding region exists within aa 150 -283 of PLEKHG2. The interaction of ␤-actin and PLEKHG2 has been shown to inhibit PLEKHG2-induced SREdependent gene transcription (12) . In light of these observations, aa 58 -158 of PLEKHG2 may play an important role in the activity of PLEKHG2. Recently, we and other researchers suggested that the C terminus of PLEKHG2 might interact with the N terminus of PLEKHG2, and this interaction could impose a constraint on the normal DH domain function by masking the access of the Rho GTPase (9, 15) . It has been hypothesized that, when PLEKHG2 is activated, the interaction between the C and N termini is canceled, and the DH domain functions as a guanine nucleotide exchange factor for the Rho protein. The binding of FHL1A and G␤␥ to PLEKHG2 might help to prevent the intramolecular interaction of PLEKHG2. However, the details of such inhibition are unclear, and further analysis will be needed to determine the novel functional domain of PLEKHG2.
PLEKHG2-induced SRE-dependent gene transcription was activated by the expression of FHL1A. Moreover, the co-expression of FHL1A and G␤␥ synergistically enhanced the PLEKHG2-induced SRE-dependent gene transcription. In this study, we used CRISPR/Cas9 to deplete FHL1 expression in HEK293 cells. In the FHL1-knock-out cells, the interaction between FHL1 and PLEKHG2 was not observed. Fig. 8 shows the results of our signaling experiments using FHL1-knock-out cells. FHL1 reduced the G␤␥-stimulated PLEKHG2-induced SRE-dependent gene transcription. Although it is still unclear whether FHL1 functions via a direct interaction with PLEKHG2 and G␤␥, we think these observations suggest that FHL1 is involved in the G␤␥-stimulated PLEKHG2 activation.
The cellular functions of other FHL proteins (i.e. Act, FHL2, and FHL3) were recently reported. These proteins act as co-activators of androgen receptor (18 -20) . The activation of Rho plays an especially important role in the nuclear localization of FHL2 (20) . Moreover, FHL2 interacts with phosphorylated ERK2 to inhibit the transcription of ELK-1 and GATA4 in the nucleus (21) . However, there is much evidence that FHL2 acts as a distinct compartment of the cytosol. For example, it has been reported that FHL2 localized to the focal adhesion or interacted with integrin, a cell adhesion molecule (22, 23) . As shown in these studies, the FHL protein interacted with a wide variety of cytoplasmic and nuclear proteins and localized to a specific compartment. We showed that the morphology of Neuro-2a cells was changed upon transfection with PLEKHG2, G␤␥, and FHL1A. Neurite-like protrusions were increased in these cells, and FHL1A and PLEKHG2 appeared to be co-localized at the protrusions. FHL1A may retain or promote PLEKHG2 and G␤␥ to the edge of the neurite-like protrusions. Taken together with the fact that PLEKHG2-, G␤␥-, and FHL1A-expressing cells increased the SRE-dependent gene transcription, this finding suggests that the protrusion was caused by Cdc42 activation. However, further analyses (including live-imaging analyses) will be needed to confirm that this phenotype is caused by filopodial type projections and/or retraction. We also tried to knock out FHL1A and FHL1B in Neuro-2a cells. However, Neuro-2a cells did not express endogenous FHL1A or FHL1B (see Fig. 7A ). For this reason, we could not examine the relation between signaling and morphology. Further studies will be needed to investigate this subject as well.
As we described above, we performed yeast two-hybrid screening using a fetal brain cDNA library as a candidate for the binding partner of PLEKHG2. There has been a report describing that FHL1B protein expression was observed in the brain (24) . In the present study, PLEKHG2 was co-immunoprecipitated with FHL1A and FHL1B in both HEK293 and Neuro-2a cells. PLEKHG2 interacted with the LIM2 and LIM3, which is a common sequence of FHL1A and FHL1B. FHL1 and PLEKHG2 may play important roles in the brain. FHL1A is expressed in tissues other than brain tissue, and its function is linked to specific diseases. For example, FHL1A is highly expressed in skeletal muscle, and its mutation causes myopathy or Duchenne muscular dystrophy (25, 26) . Further understanding of the interaction with FHL1 and PLEKHG2 may help to clarify the clinical conditions of not only the brain but also other body tissues.
Experimental Procedures
Plasmids-Human FHL1A and FHL1B were cloned by PCR amplification from human brain cDNA (QUICK-Clone TM cDNA, Clontech, Mountain View, CA). Amplified fragments were digested by using Flexi Enzyme Mix (Promega, Madison, WI) and ligated into pF5A-FLAG-neo vector. pF5A-CMV-neo-G␤ 1 and pF5A-CMV-neo-G␥ 2 were described previously (27) . The pFN21A-Myc-PLEKHG2 wild type, various expression vectors of PLEKHG2 mutants, and pFN21K-mAG-PLEKHG2 coding the monomeric green fluorescent protein, Azami Green (mAG), were described previously (12) . The CRISPR/Cas9 expression vector pSpCas9(BB)-2A-Puro (PX459) was a gift from Feng Zhang (AddGene plasmid 48139). This vector was linearized by a restriction enzyme, BbsI. Two sets of synthesized oligonucleotides primers (the set 5Ј-CACCGACCTTGG-AGTCCGCACCGAT-3Ј and 5Ј-AAACATCGGTGCGGACT-CCAAGGTC-3Ј and the set 5Ј-CACCGAGATGAGGAGAT-CGTGGATT-3Ј and 5Ј-AAACAATCCACGATCTCC-TCATCTC-3Ј) were annealed and ligated into linearized vector with each other. All constructs were verified by sequencing before use. The pSRE.L-luciferase reporter plasmid was pur-chased from Stratagene (Santa Clara, CA), and pRL-SV40 was purchased from Nippon Gene (Tokyo, Japan).
Yeast Two-hybrid Screening-The details of the yeast twohybrid screening have been described previously (12) . Briefly, a Gal4 DNA-binding domain fusion protein, pGBKT7-PLEKHG2 (aa 1-465), was used as a bait vector. Bait plasmids were transformed into the yeast strain Y187. A pretransformed human fetal brain cDNA-Gal4 activation domain fusion library in pGADT7 was used to identify interacting proteins (Clontech). Prey plasmids were pretransformed into the yeast strain Y2H Gold. Positive clones were first selected on synthetic dropout medium in the absence of Leu and Trp. The colonies obtained were spotted onto synthetic dropout medium in the absence of adenine, His, Leu, and Trp. The interaction was fur-FIGURE 7. Establishment of FHL1-deleted cell lines. A, HEK293 cells or Neuro-2a cells were co-transfected with FHL1B and FHL1A, as indicated. Cells were lysed 24 h after transfection, and the lysates were separated by SDS-PAGE and immunoblotted with anti-FHL1 antibody (for exogenous and endogenous FHL1) and anti-FLAG antibody (for exogenous FHL1). Flag-h-FHL1B, FLAG-tagged human FHL1B; Flag-h-FHL1A, FLAG-tagged human FHL1A; FHL1A, endogenous FHL1A. B, schematic diagram of the genome around the FHL1-coding region. Two genomic RNAs (arrowheads) were introduced to HEK293 cells. The genomic RNAs were designed to delete exons 2 and 3, which included the functional domain of the protein. Primers (arrows) were used for genotyping. Three primers were designed to amplify the inside of the deletion region. C, sorted cells were lysed, and the genomic DNA was isolated. Then PCR analysis was performed with isolated genomic DNA. F1R and F2R, the primer set shown in B. D, wild type or FHL1 protein-knock-out HEK293 cells were co-transfected with FHL1B and FHL1A, as indicated. Cells were lysed 24 h after transfection, and the lysate was separated by SDS-PAGE and immunoblotted with anti-FHL1 antibody (for exogenous and endogenous FHL1) or anti-FLAG antibody (for exogenous FHL1). Flag-h-FHL1B, FLAG-tagged human FHL1B; Flag-h-FHL1A, FLAG-tagged human FHL1A; FHL1A, endogenous FHL1A. IB, immunoblotting.
ther confirmed by co-transforming the library plasmid of interest and pGBKT7-PLEKHG2 (aa 1-465) into Y2H Gold.
Cell Culture and Transfection-HEK293 and Neuro-2a cells were grown in DMEM supplemented with 10% fetal bovine serum at 37°C. Transient transfection was performed using Lipofectamine2000 reagent according to the manufacturer's instructions (Life Technologies, Inc.). Cells were transfected with DNA for 6 -9 h and then washed with serum-free DMEM and incubated for 16 -18 h in DMEM.
GenerationofFHL1-knock-outCells-TwoCRISPR/Cas9constructs and pEGFP-N2 were introduced into HEK293 cells as described above. Cells were resuspended in 5 mM EDTA containing PBS. Then cells were single cell-sorted onto 96-well plates (SH-800, SONY, Tokyo, Japan). Expanded cells were lysed in tail digestion buffer (0.1 mM Tris-HCl, 5 mM EDTA, 0.2% SDS, 2 mM NaCl, and 0.4 mg/ml protease K). Lysed cells were heated for 3 h at 55°C, and then whole genome DNA was isolated by chloroform extraction and ethanol precipitation. The genome DNA that was isolated from cloned cells was checked by PCR analysis as described under "Results."
Assay of SRE-dependent Gene Transcription-Cells seeded in 24-well plates were co-transfected with the indicated expression plasmids together with the pSRE.L-luciferase reporter plasmid and the pRL-SV40 control reporter plasmids. After transfection, cells were washed once with ice-cold PBS and lysed with passive lysis buffer. Luciferase activities were deter-FIGURE 8. Effect of FHL1 on G␤␥-and PLEKHG2-induced SRE-dependent gene transcription. A, wild type or FHL1-knock-out HEK293 cells were transfected with Myc-tagged PLEKHG2, as indicated. Cells were lysed 24 h after transfection, and the lysates were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for PLEKHG2) and anti-FHL1 antibody (for FHL1). PLEK2, PLEKHG2. B and C, wild type or FHL1-knock-out HEK293 cells were co-transfected with pSRE.L-luciferase, pRL-SV40, PLEKHG2, G␤␥, and FHL1A, as indicated. Cells were lysed 24 h after transfection, and the SRE-dependent gene transcription was analyzed by a luciferase reporter gene assay. The experiment was performed in triplicate, and the values are the means Ϯ S.D. (error bars). The data shown are representative of three independent experiments. *, p Ͻ 0.05 compared with PLEKHG2-and G␤␥-expressing HEK293 WT cells. n.s., not significant. D, wild type or FHL1-knock-out HEK293 cells were co-transfected with PLEKHG2, G␤␥, and FHL1A, as indicated. Cells were lysed 24 h after transfection, and the lysates were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for PLEKHG2), anti-FLAG antibody (for FHL1), G␤ antibody (for G␤), or anti-tubulin-␥ antibody (for ␥-tubulin). PLEK2, PLEKHG2. IB, immunoblotting. NOVEMBER 25, 2016 • VOLUME 291 • NUMBER 48 mined by using a Dual-Luciferase Reporter (DLR TM ) assay system (Promega). The activity of the experimental reporter was normalized against the activity of the control vector.
The Interaction of PLEKHG2/FLJ00018 with FHL1
Immunoprecipitation-Transfected cells seeded in 6-cm dishes were washed once with ice-cold PBS and lysed with lysis buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 1 mM Na 3 VO 4 , 0.5% Nonidet P-40, phosphatase inhibitor solution, and protease inhibitor solution). The lysates were centrifuged to remove residue (13,200 rpm for 10 min). Clear lysates were incubated with 1.0 g of anti-Myc IgG or 1.0 g of anti-FLAG IgG for 2 h at 4°C and then mixed with protein G-agarose (EMD Milipore, Billerica, MA) or protein A-Sepharose (GE Healthcare, Buckinghamshire, UK) for 1 h at 4°C. The beads were washed three times with washing buffer (50 mM Tris-HCl, pH 7.5, 100 mM NaCl, 0.1 mM EDTA, 1 mM Na 3 VO 4 , 0.1% Nonidet P-40, phosphatase inhibitor solution, and protease inhibitor solution). Bound proteins were eluted with sample buffer. For G␤ co-immunoprecipitation and endogenous FHL1 precipitation, the protein-bound beads were incubated with 0.4 mg/ml c-Myc peptide (Wako, Osaka, Japan) overnight at 4°C. Then the eluted proteins were denatured by sample buffer. Equal amounts of samples were resolved by 7.5, 10, or 10 -20% gradient SDS-PAGE. 10 -20% gradient SDS-polyacrylamide gel was from Gellex International Co., Ltd. (Tokyo, Japan). The transferred PVDF membrane was tested by immunoblot analysis as described below.
Immunoblot Analysis-Transfected cells seeded in 35-mm dishes were washed once with ice-cold PBS and lysed with 1% (w/v) SDS in distilled water. The protein concentration of each lysate was quantified using a bicinchoninic acid protein assay kit (Thermo Scientific, Rockford, IL), with BSA as the standard. The same amounts of protein were subjected to 7.5, 10, or 10 -20% gradient SDS-PAGE. The transferred PVDF membrane was blocked by 3% skim milk (Morinaga Milk Industry, Tokyo) or 5% BSA (Equitech-bio, Kerrville, TX). For the detection of Myc tag, FLAG tag, ␤-actin, and FHL1, we used mouse anti-Myc IgG (Wako), mouse anti-FLAG IgG (Wako), mouse anti-␤-actin IgG (MBL, Nagoya, Japan), mouse anti-FHL1 IgG FIGURE 9 . PLEKHG2 and FLH1A were co-localized in Neuro-2a cells and regulated cell morphogenesis. A and D, Neuro-2a cells were co-transfected with Myc-tagged PLEKHG2 and FLAG-tagged FHL1A or FHL1B, as indicated. Cells were lysed 24 h after transfection, and PLEKHG2 was immunoprecipitated with anti-Myc antibody. Precipitated proteins were separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for PLEKHG2) or anti-FLAG antibody (for FHL1). B and E, Neuro-2a cells were co-transfected with pSRE.L-luciferase, pRL-SV40, PLEKHG2, FHL1A, FHL1B, and G␤␥, as indicated. Cells were lysed 24 h after transfection, and the effect of FHL1 protein on PLEKHG2-induced transcription was analyzed by a luciferase reporter gene assay. The experiment was performed in triplicate, and the values are the means Ϯ S.D. (error bars). The data shown are representative of three independent experiments. C and F, Neuro-2a cells were co-transfected with PLEKHG2, FHL1A, FHL1B, and G␤␥, as indicated. Cells were lysed 24 h after transfection, and the lysate was separated by SDS-PAGE and immunoblotted with anti-Myc antibody (for PLEKHG2) and anti-FLAG antibody (for FHL1). PLEK2, PLEKHG2; TCL, total cell lysate; IP, immunoprecipitation. IB, immunoblotting. *, immunoglobulins precipitated from immunoprecipitation.
(Abcam, Cambridge, MA), and rabbit anti-tubulin-␥ IgG (Bio-Legend, San Diego, CA), respectively. Rabbit anti-G␤ antibody was prepared as described in a previous study and used for the detection of G␤ (9) . To detect Myc tag, FLAG tag, ␤-actin, and FHL1, we used HRP-conjugated anti-mouse IgG as a secondary antibody (MBL). For the detection of G␤ and ␥-tubulin, we used HRP-conjugated anti-rabbit IgG as a secondary antibody (MBL). Visualization of HRP-labeled proteins was performed using enzyme-linked chemiluminescence (GE Healthcare or PerkinElmer Life Sciences) and an LAS-4000 mini luminescent image analyzer (GE Healthcare).
Immunofluorescence Analysis-Transfected cells cultured on coverslips were washed once with ice-cold PBS and fixed with 4% paraformaldehyde for 30 min. Fixed cells were permeabilized with 0.1% Triton X-100 in PBS and washed four times with PBS. The cells were then blocked with 10% goat serum in PBS for 1 h. Next, the cells were washed with PBS and incubated with the anti-FLAG antibody and subsequently with secondary antibodies labeled with Alexa Fluor 568 (Life Technologies). The coverslips were then mounted with Perma Fluor. Fluorescence images were acquired using a fluorescence microscope (BZ-9000, Keyence, Tokyo, Japan).
Quantification of Cell Protrusions-Transfected cells cultured on coverslips were washed with ice-cold PBS and fixed with 4% paraformaldehyde for 30 min. The fixed cells were washed four times with PBS. The coverslips were then mounted with Perma Fluor. Four fluorescence images were taken from random fields. The total length of the neurite-like structures of 20 cells and the number of protrusions were analyzed by ImageJ software.
Statistical Analysis-Data are expressed as the means Ϯ S.D. of values from at least three independent experiments. The significance of group differences was analyzed by Student's t test. A p value of Ͻ0.05 was considered significant.
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